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We report 11B-NMR study on Al-doped MgB2 that addresses a possible mechanism for a high
superconducting (SC) transition temperature (Tc) of ∼ 40 K in recently discovered MgB2. The result
of nuclear spin lattice relaxation rate 1/T1 in the SC state revealed that the size in the SC gap is
not changed by substituting Al for Mg. The reduction on Tc by Al-doping is shown to be due to
the decrease of N(EF ). According to the McMillan equation, the experimental relation between Tc
and the relative change in N(EF ) allowed us to estimate a characteristic phonon frequency ω ∼ 700
K and an electron-phonon coupling constant λ ∼ 0.87. These results suggest that the high-Tc
superconductivity in MgB2 is mediated by the strong electron-phonon coupling with high-frequency
phonons.
PACS numbers: PACS: 74.25.Nf, 74.70.Ad, 76.60.-k
Recently discovered superconductor MgB2, which ex-
hibits a high value of superconducting (SC) transi-
tion temperature Tc ∼ 40 K, has attracted enormous
interests.[1] Soon after its discovery, a lot of important
experimental works were reported on isotope effect,[2]
tunneling,[3, 4] photoemission,[5] inelastic neutron,[6]
and specific-heat measurements.[7, 8] We reported 11B-
NMR measurements to investigate the SC and the nor-
mal state-properties. The NMR results unraveled that
the SC gap is of an s-wave type with a magnitude of
gap 2∆/kBTc ∼ 5, which suggested that it is in a strong
coupling regime.[9] A lot of experiments including our
NMR result suggest that the superconductivity of MgB2
is well understood in terms of the BCS theory. On the
basis of the band calculations,[10, 11, 12] An and Pickett
pointed out that holes in the σ band at the Boron (B)
layer are strongly coupled with the E2g phonon mode of
∼ 700 K with a large value of electron-phonon coupling
constant λ ∼ 1. In fact, this phonon mode has been
observed by the Raman and inelastic-neutron scattering
measurements.[6, 13, 14, 15] Yildirim et al. emphasized
that the E2g mode, which is expected to be quite an-
harmonic, strongly couples with the electrons in the σ
band.[14] The direct experimental evidence is, however,
not presented yet to show that the high-frequency E2g
phonon mode is responsible for the onset of the high-Tc
superconductivity in MgB2.
At present, the existence of two SC gaps has been ac-
cepted as suggested from several measurements [16, 17,
18, 19, 20, 21] and from a theoretical model.[22] Most
experiments have, however, been made on either poly-
crystalline or its powdered form. The band calculation
shows that the Fermi surfaces consist of quasi-two di-
mensional (2D) cylindrical sheets and 3D-tubular net-
works, which seems to be consistent with the two SC gap
model. Recently, a single crystal was synthesized, en-
abling us to obtain more detailed information on under-
lying SC characteristics.[23, 24] The on-going measure-
ments have revealed an anisotropic SC characteristics in
the upper critical field, Hc2. Furthermore, the Raman
scattering measurement on the single crystal pointed to
a single gap with 2∆/kBTc = 3.9 ± 0.1.[25] The pres-
ence of a small gap seems to depend on some quality of
samples. Especially, the experiments investigating the
surface such as tunneling, point contact, or photoemis-
sion measurement seem to show rather large ratio of the
small gap to large one. Further careful experiments and
their analyses which give information about the bulk SC
characteristics are highly desired. In this meaning, NMR
measurement is one of the best experiments since 1/T1 in
the SC state, which is determined by the quasiparticles,
would be affected significantly by the small gap. More-
over, the NMR measurements are performed in the mixed
state, then B nucleus within the radius of the penetration
depth around the vortices can be detected, which reflect
a bulk SC characteristics.
In order to gain further insight into the properties of
the normal- and the SC state, and its SC mechanism, an
impurity effect has been extensively investigated through
the substitution for either Mg or B sites. Slusky et al.
reported that Tc decreases by the Al substitution for Mg
where electrons are doped into the σ band at the Fermi
level.[26] Therefore, they argued that the decrease on Tc
is related to the reduction in the density of states (DOS)
at the Fermi level, N(EF ) as suggested by the band cal-
culation. They also revealed that a structural instability
is induced when Al content x exceeds 10%. In the range
0.1 < x < 0.25, a non SC phase is segregated from a
SC one and for 0.25 < x where the lattice parameter
along the c axis becomes shorter than the undoped one,
its bulk superconductivity is no longer observed. A mod-
erate decrease of Tc is considered to be intrinsic for the
compounds for x ≤ 0.1.
It is known that nonmagnetic impurities do not affect
the SC properties in the s-wave superconductors with an
isotropic energy gap according to the theorem of dirty
superconductors.[27] For an anisotropic s-wave case, any
impurity scattering smears out the anisotropic gap over
the Fermi surface, making it rather isotropic. As a re-
sult, this smearing effect in the gap structure appears in
nuclear spin lattice relaxation (1/T1) behavior.[28] For
example, the coherence peak in 1/T1 is more enhanced
rather than the impurity undoped one. In the previous
paper about non-doped MgB2,[9] we reported that the
1/T1 in the SC state shows a tiny coherence peak just be-
low Tc, followed by an exponential decrease below 0.8Tc.
The systematic T1 measurement on the Al-doped MgB2
would provide valuable information about the causes for
the significant suppression of the coherence peak and for
the reduction in Tc.
In this paper, we argue that a two SC gaps model
is not applicable in interpreting the NMR result on
MgB2, and report the results on (Mg1−xAlx)B2 with
x = 0.05, 0.07, 0.1, and 0.2, focusing on the 11B-T1 mea-
surement. In the normal state, 1/T1T in proportion to
N(EF )
2 decreases with increasing the Al content, demon-
strating the reduction of N(EF ). In the SC state, the
1/T1 at x = 0.05 resembles that in the undoped one,
showing that the size of the gap remains unchanged. The
reduction on Tc is shown to be due to the decrease of
N(EF ). According to the McMillan equation, the exper-
imental relation between Tc and the relative change in
N(EF ) against the value of MgB2 allows us to deduce
a characteristic phonon frequency, ω ∼ 700 K and an
electron-phonon coupling constant, λ ∼ 0.87. These val-
ues suggest that a cause for the high Tc value in MgB2
might be due to the strong coupling between the elec-
trons near the Fermi level and the high-frequency E2g
phonon mode.
Polycrystalline samples of Mg1−xAlxB2 with x = 0,
0.05, 0.07, 0.1, and 0.2 were prepared as in Ref. [1], and
used without powdering to avoid some crystal defect or
oxidation if any. The x-ray diffraction revealed that the
samples for x ≤ 0.1 consist of a single phase, whereas
the phase segregation occurs in the sample at x = 0.2,
which is in agreement with the result reported in ref.[26].
The value of Tc was determined by the diamagnetization
measurement using SQUID.
The T1 measured at the central peak (the 1/2↔ −1/2
transition) was determined by fitting the relaxation func-
tion of the nuclear magnetization m(t) = (M(∞) −
M(t))/M(∞), following the two-exponential form,[29]
m(t) =
1
10
exp
(
−
t
T1
)
+
9
10
exp
(
−
6t
T1
)
. (1)
Here M(t) is the nuclear magnetization at a time t after
saturation pulses.
In the normal state, a single component of T1 was pre-
cisely determined, independent of the field. A T1T =
constant relation was observed down to Tc with a value
of T1T = 1.75 × 10
2 (s· K). In the SC state, however,
the relaxation function m(t) was not fitted with a sin-
gle component of 1/T1 because of the anisotropy in Hc2
[23, 24] and the presence of the vortex core. Because
of the anisotropy in Hc2, Tc at each grain depends on
its direction of H . NMR spectrum shows a typical pow-
der pattern for nuclear spin I = 3/2 due to quadrupo-
lar effects, having peak for the fractions of θ = 90◦ and
41.8◦.[30] Here, θ represents the angle between the mag-
netic field direction and c-axis. Therefore, on average,
the short and the long components in T1 are expected
to arise from the respective grains for θ ∼ 41.8◦ and
∼ 90◦ (H ⊥ c) below Tc(H⊥) = 29 K. In fact, the short
component shows a similar behavior to the long compo-
nent as if it indicates a Tc ∼ 19 K, which seems to be
Tc(θ ∼ 41.8
◦). Note that the short component includes
also the other contributions such as relaxation associated
with the vortex cores, or some non-SC fractions, if any.
Thus, the long component of T1 is expected to probe an
intrinsic relaxation behavior in the SC state.
First of all, we claim that our NMR result is inconsis-
tent with the exsistence of two SC gaps in MgB2 reported
in the literatures.[16, 17, 18, 19, 20, 21] Fig. 1 shows tem-
perature (T ) dependence of (1/T1T )S/(1/T1T )N of
11B
in MgB2 that was reported previously and reexamined
in the present work. Here (1/T1T )S in the SC state is
normalized by the value of (1/T1T )N in the normal state.
By assuming two values of SC gap as 2∆L/kBTc = 5
and 2∆S/kBTc = 1.6, and taking a ratio of the respective
fraction in the density of states N(EF ) at the Fermi level
as NL/NS=1, 3, and 5, a T dependence of 1/T1T is cal-
culated as indicated by dashed lines in Fig. 1. The inset
indicates the BCS-like T dependence of two gaps below
Tc. Solid line indicates a result calculated by assuming
an s-wave model with a single gap of 2∆/kBTc = 5.[9]
It is evident that any two-gaps model is not consistent
with the NMR data. It should be noted that a value of
NL/NS < 1 was indicated by the other experiments. The
present NMR results, therefore, are against the presence
of small gap, suggesting that it may be extrinsic for the
superconductivity in MgB2. We should stress that the
long component in T1 is easily masked after either pow-
dering sample or even safekeeping it in a vacuum for a
few months, and eventually, T1 shows a T1T = constant
relation even far below Tc. The presence of the small gap
might arise from some aging effects, although many other
experiments reconcile the presence of two SC gaps.
In Fig. 2 is shown the T dependence of 1/T1T for
Mg1−xAlxB2 with x = 0, 0.05, 0.07, 0.1, and 0.2. First,
we deal with the 1/T1 result in the SC state. The inset of
Fig. 2 indicates (1/T1T )S/(1/T1T )N vs T/Tc(H) plots at
x = 0.05 along with the data on MgB2.[9] A value of the
tiny coherence peak (1/T1T )S/(1/T1T )N ∼1.2 was ob-
served just below Tc in MgB2, and it remains unchanged
even at x = 0.05, followed by a behavior similar to x = 0
upon cooling. It should be noted that the magnitude in
SC gap is not reduced by the Al substitution for Mg,
suggesting the lack of pair-breaking effect.
Concerning the origin for the tiny coherence peak, we
raise two possibilities of an anisotropic s-wave state and
the damping effect of quasiparticles that strongly interact
with thermally excited phonons due to the high value of
Tc(H). In the former, the anisotropic SC gap may origi-
nate from the anisotropy of the Fermi surface and/or of
the pairing interaction. If nonmagnetic impurities aver-
aged over an anisotropy in the gap structure, the coher-
ence peak in 1/T1T could be even more enhanced rather
than non-doped one.[27, 28] As seen in the inset of Fig. 2,
the coherence peak at x = 0.05 is almost the same as at
x = 0. Therefore, the impurity scattering does not have
a significant effect on the tiny coherence peak. It should
be noted that the coherence peak in NbB2, which forms
in the same crystal structure as MgB2, is larger than in
MgB2 and its Tc ∼ 5 K is much lower than Tc = 39 K,
showing small damping effect by the thermally excited
phonons in NbB2.[31] Therefore, the tiny coherence peak
in 1/T1 on MgB2 is considered as due to the damping
effect of quasiparticles that strongly interact with ther-
mally excited phonons and the strong coupling effect of
electron-phonon interaction.
Why does Tc decrease appreciably by the Al substitu-
tion for Mg ? We show below that this is because the den-
sity of states N(EF ) at the Fermi level is decreased with
increasing the Al content. It is evident from Fig. 2 that
the magnitude in (1/T1T )N decreases gradually with the
Al content. In general, 1/T1T is proportional to N(EF )
2
as follows:
1
T1T
=
pi
h¯
A2N(EF )
2kB, (2)
where A is the hyperfine coupling constant of 11B nuclear
with conduction electrons. Accordingly, a relative change
of N(EF ) caused by the Al substitution is extracted from
the relation of
N(EF )
N0(EF )
=
√
(1/T1T )x
(1/T1T )x=0
, (3)
where N0(EF ) is the DOS of MgB2. The Al
3+ substitu-
tion for Mg2+ introduces one electron into the σ band at
the Fermi energy. According to the band calculation, the
decrease in N(EF ) by the Al substitution is consistent
with the Fermi surface characterized by holes. These re-
sults reveal that the suppression in Tc originates from the
decrease in N(EF ).
The respective relative decreases in Tc and
N(EF )/N0(EF ) are indicated in the inset of Fig. 3. A
linear decrease is seen on Tc vs x plots up to x = 0.2,
whereas N(EF )/N0(EF ) deviates from a linear relation
at x = 0.2 where a non-SC phase is segregated from a
SC one.[26] The non-SC phase, which may presumably
include the Al content higher than in the SC phase,
might have a different T1. Therefore, we discuss on a
possible relation between Tc and N(EF )/N0(EF ) up
to x = 0.1. Fig. 3 indicates Tc vs N(EF )/N0(EF )
plots with the Al content x as the implicit parameter.
Following the McMillan equation,[32, 33]
Tc =
ω
1.2
exp
(
−1.04(1 + λ)
λ− µ∗(1 + 0.62λ)
)
, (4)
, where ω, λ and µ∗ are the phonon frequency, an
electron-phonon coupling constant, and a Coulomb
pseudpotential, respectively, and λ(x) = N(EF )Vph and
µ∗(x) = N(EF )Vc are expressed using an electron-
phonon interaction Vph and a Coulomb interaction Vc.
Now, we consider the obtained experimental relation on
the basis of the above relation. For simplicity, we may as-
sume that Vph, Vc, and ω are unchanged as long as Al con-
tent is in a small content. As N(EF ) changes, λ and µ
∗
are modified following λ = (N(EF )/N0(EF )) · λ(x = 0)
and µ∗ = (N(EF )/N0(EF )) · µ
∗(x = 0). Using these re-
lations and assuming a commonly-used value of µ∗(x =
0) = 0.10, the experimental relation between Tc and
N(EF )/N0(EF ) can be fitted by the McMillan equation
with a different set of parameters like λ(x = 0) = 0.8,
and ω = 840 K or λ(x = 0) = 0.93, and ω = 630 K. A
best set of fitting parameters are deduced as λ(x = 0) =
0.87 ± 0.06, and ω = 706 ± 96 K. These values are in
good agreement with the theoretical values.[10, 11, 12]
Note that the experimental relation is never reproduced
by assuming a Debye frequency of an acoustic phonon
around ω = 300 K as shown in the figure. A high phonon-
frequency around 700 K is comparable to the frequency of
the optical E2g mode obtained by the neutron-diffraction
and the Raman-scattering experiments.[6, 13, 14, 15]
Above result strongly suggests that the strong coupling
between the electrons near Fermi level in the σ band and
such the higher-frequency phonon as the E2g mode may
play vital role for the onset of high-Tc superconductivity
in MgB2.
In summary, the most NMR experiments are totally
consistent with the strong coupling s-wave model with
the single value of the large gap of 2∆/kBTc = 5. The
11B-NMR measurements on Mg1−xAlxB2 revealed that
the Al substitution for Mg does not bring about the pair
breaking. The reduction in N(EF ) has been clearly ev-
idenced from the reduction in 1/T1T in proportion to
N(EF )
2. These results demonstrated that the reduction
in N(EF ) with the Al content is responsible for the de-
crease in Tc. According to the McMillan equation, the
experimental relation between Tc and the relative change
in N(EF ) allowed us to estimate a phonon frequency,
ω ∼ 700 K and an electron-phonon coupling constant
λ ∼ 0.87. These results are in good agreement with the
theoretical suggestion that the high Tc superconductiv-
ity in MgB2 is mediated by the strong electron-phonon
coupling with high frequency-phonons.
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